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SMALL-ORIFICE TUBES FOR MINIMIZING DILUTION

IN EXHAUST-GAS SAMPLES

By Harvey A. Cook and WUter T. Olson

SUMMARY

An investigation was undertaken to find a means of obtain-
ing undiluted exhaust-gas samples from a Wright R-2600-B aircraft
engine equipped with short individual stacks (approximately10 in.
long). Preliminary tests to aid in determining the best design,
location, and orientation of orifices ranging from a 0.002-inch
slot to an 0.1875-inch-diametercircular opening at the entrance
to an exhaust sampling tube were nmde with a small Briggs &
Styatton engine. Sampling tubes 1/4 inch in diameter and with a
O.010-inch-slot orifice were installed in all 14 cylinders of the
Wright engine after the correct loca’tion and orientation for the

sampling tubes had been detemuined in tests on a single cylinder
of this engine. Samples were analyzed by an Orsat portable ap-
paratus and by an NACA mixture indicator.

The results indicated that (1) small round or slot-type
orifices at the entrance to the sampling tube when located and
oriented to receive directly the impact pressure of the exhaust
gases minimize dilution in the exhaust-gas samples; (2) dilution,
if present at the point of sampling in the exhaust stack, can be
detected by successively operating the sampling tube at different
pressures;(3) samples taken from the Wright engine with the
sampling orifice not receiving the full exhaust impact pressure
were diluted approximately 50 percent with air; whereas, in
samples taken with the sampling orifice correctly oriented,
dilution was negligible or nonexistent,

DJTRODUCTION

Obtaining exhaust samples from an aircraft engine presents
scauedifficulties. When the sampling tube Is placed in the
exhaust stack with the end of the tube as close as practicable
to the valve, undiluted gas samples have been obta+ned from
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exhaust stacks of sufficient length to have prevented the air
at the apen end of the stack from mixing with the residual gases
in the stack between exhaust events for that cylinder. Dilution
by air in short individual stacks and dilution by gases frcxn
ad~acent cylinders if a collector ring is used spoil the samples
and introduce errors in the study of individual cylinder perform-
ance by exhaust-gas analysis. The present investigation was
undertaken to find a means of obtaining undiluted samples from
a Wright R-2600-B aircraft engine equipped with very short indi-
vidual stacks (approximately10 in. long).

An undiluted sample could be obtained from a device that
would permit sampling flow from the exhaust stack during only
the exhaust event when the gas flow was well established in the
stack. It was thought that a sampling tube with a small orifice
at the entrance wouldoperate to eliminate dilution of exhaust
samples because of the cycle of pressure changes that occur in
the exhaust stack. The high-pressure period in the cycle with
a high impact pressure acthg on the small orifice would fill
the sampling tube and would build up a pressure in it. This
pressure would remain above the pressure in the stack through-
out the rest of the cycle if the rate of sampling were properly
adjusted. It was believed that this retention of a positive
pressure in the sampling tube would prevent the entxance of any
gases during the low-pressure period in the cycle, because gas
trapped in the sampling tube would slowly flow into the stack
during this period.

Preliminary tests of the use of a small orifice in a
sampling tube were conducted with a single-cylinder Briggs &
St=tton engine. Data were collected that related the flow
pattern in the exhaust stack, the pressure and rate of sampling,
and the shape, size, ad location of the orifice, with the co-
mpositionof the sample. Tests were then made with the orifice
of the best size and shape, first on one cylinder and then on
all cylinders of the Wright R-2600-B aircmft engine, to deter-
mine the efficacy of this method of sampling.

The tests were conducted at the National Advisory Committee
for Aeronautics, Aircraft Engine Research Laboratory, Cleveland,
Ohio, during June 1942.
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APPARATUS AND MDTHOIS

The use of small orifices to minimize dilution was first
tested on the 13rlggs & Stratton engine shown in figure 1. A
straight exhaust stack ccming directly frcznthe valve port pro-
vided a cyclically varying pressure that waB applied to various
ortfices in samplingtubes. The sampling tubes were used at dif-
ferent positions ir,and out of the stack to test the effect of
location of the orifices on dilution of the mmples. Figure 1
shows a sampling-tube orifice located in the center of the open
end of the exhaust stack. Sampling pressure was regulated either
by controlling the rate of sampling or by dividing the flow of
gas entering the sempling tube into two branches. In the method
of dividing the gas flow, the sample for analysis was collected
from one branch while gas continuously escaped to the atmosphere
~inst an adjustable head of water in the other branch.

Figure 2 shows a number of the small orifices tested.. Ori-
fice dimensions ranged from a 0.002-inch slot to a 0.1875.inch-
diameter circular opening. The slot-fozm sampling-tube orifice
was adopted to facilitate the making of openings down to 0.002-
inch wide in any kind of metal tubing without encountering thet
difficulty of drilling very small holes.

Tests were then performed on one exhaust stack of a Wright
R-2600-B aircraft engine to determine the proper location ami
orientation of the orifice. The slot orifice used was initially
directed along a line parallel to the axis of the stack and at
the flange, as shown in the left-hand position of figure 3.
When this direction of orifice was foti unsuitable, an ad@st-
able tube was installed for testing (fig. 4). The position of
the sampling tube that permitted the slot orifice to be directly
sub~ected to the impact pressure of the exhaust gases was found
to de the position illustratedby the right-hand portion of
figure 3.

Finally, sampling tubes were welded into the other 13 =-
hauet stacks of the Wright engine. The sampling tubeswere l/4-
inch stainless-steeltubing with a O.010-inch slot orifice and
were 6 tithes long (fig. 5). A l/4-inch copper sampling tube
was attached to the stainless-steeltubing by standard fittings.
The sampling tubes were etiended to a convenient point outside
the test cell and were 30 to 35 feet long. Figure 6 shows how
sampling tubes were mounted in exhaust stacks frma front cyl-
inder and frmn a rear cylinder. The difference in position of
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the sampling tube for front and rear cylinders was due to the
valve arrangement on the engine. In both cases the orifice was
faced toward the exhaust-valve guide.

Samples for chemical analysis were simu.ltaneouslywithdrawn
from all 14 sampling tubes. Alternately, any one of the 14
sampling tubes was connected to an NACA mixture indicator in the
test-cell control roan.

Occasional carburetor adjustments were made during the course
of this investigation,but all data used in comparisons were ob-
tained with a fixed carburetor setting.

The ccmqyarisonof the action of the small orifices to deter-
mine the best size and type of construction was based on chemical
analyses of exhaust samples, as was also the final testing of the
orifices in the exhaust stack of the aircraft engine. All analyses
were performed with a portable Orsat apparatus.

In order to aid in obtaining undiluted samples for reference
analyses, a 3-foot exhaust stack
the short stack. This technique

RESULTS AND

was temporarily substituted for
was employed for both engines.

DISCUSSION

Briggs & Stratton Engine Tests

Gas flow in exhaust stack. - In the use of any sampling tube
for exhaust-gas study, the location of the tube in the exhaust
stack is the first point to be considered, The tube should be
so located in the stack that the gas sample can be removed under
its own pressure as well as with the least possibility of dilu-
tion, A study of the impact pressure of the exhaust gases
showed the approxhte flow pattern of the exhaust gases. In
the short straight stack, a very uneven distribution of pressure
near the valve showed that the gases starting through the stack
were sweeping across the valve port and flowing mostly along
the side of the exhaust stack opposite the valve opening. (See
fig. 7.) When the orifices were located on the side of the
stack opposite the valve head and close to the valve, the higher
pressure there pemitted sampling over a greater range of pres-
sure and with a larger flow of gas.



5

Effect of round orifices. - The result of testing a series
of round orifices to determine the effect of orifice size on
sample compositionwas .that..smallorificee were shown to minlmlze
dilution better than large orifices. Figure 8 shows that twenty
0.0135-inch orifices substituted for a single orifice of equiva-
lent area were more effective in minimizing dilution in the
sampling tube than was the single large orifice, even though
sampling pressures were not carefully controlled. For example,
when the two sampling tubes were operated in turn at the open
end of the stack, the analysis of the sample obtained through
the 20 auall orifices was 10.0 percent C02, 6.0 percent Cl@ the

analysis of the sample obtained through the single orifice was
9.0 percent C02, 6.8 percent 02. This evidence is Indicative
of the validity of the introductoryhypothesis.

Effect of sampling rates. - During the ccmparlaon of small
and large sampling-tube orifices, large variations in analysts
were evident when the sample was withdrawn at different rates.
This phenomenon was investigatedand the results are indicated
in figure 9. At the open end of the exhaust stack an analYsls
of 3.5 percent C02, 14.9 percent 02 was obtained with a 0.002-
inch-slot sampling tube under conditions of rapid smnpling, 10
milliliters per second. With the same tube at the ssme loca-
tion, sampling done slowly enough to ~intain a sampling pres-
sure greater than atmospheric pressure (1 ml per see) yielded
a sample of 11.0 percent C02, 3.2 percent 02. The actual un-
diluted exhaust-gas analysis under the prevailing conditions
ehowed 12.8 percent C02, 1.2 percent 02.

Effect of ssmpling pressure. - It is apparent from a con-
sideration of the effect of rate of sampling on sample composi-
tion that sampling pressureis an important factor, because the
sampling pressure and the rate of sampling bear an inverse rela-
tion to each other. When the sample was slowly withdrawn, the
pressure in the line was high; when the sample was rapidly col-
lected, the sampling pressure was low. Figure 10 shows that,
at a point where dilution was a minimum and pressure in the ex-
haust stack was high, no variation of analysis could be obtained
by varying sampling-tubepressure. Where dilution was severe,
however, gas analysis was definitely dependent on the pressure
used for sampling (fig. 11).
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A method of detecting dilution and estimating its amount
is to canpare analyses obtained under different sampling pres-
sures. This method would prove useful in determining the best
location of a sampling tube in exhaust stacks of various shapes
and sizes.

Effect of slot orifices. - The results of a study of the
size of slot orifice at the entrance to the sampling line and
the effect of pressure on its operation are shown in figure 12.
For each slot-orifice size a definite sampling-tube pressure
afforded the best elimination of sample dilution when dilution
existed at the point of sampling. The sampling tubes were
placed at the open end of the stack where dilution was very
great. A severe test of their operation resulted. The need
for using the correct pressure was clearly shown by the wide
variation of gas-sample composition obtained by varying the
sampling pressure.

The analysis indicating least dilution for each size ori-
fice is plotted in figure 13 to provide a comparison of the
relative values of the slot-orifice size. The data show that,
for slot-type orifices, the sizes giving the least dilution were
0.008 to 0.012 inch wide and were operated with best results at
70 to 80 percent (fig. 12) of the msximum pressure obtainable
in the closed sampling tube.

The graphs of figure 14 indicate that the O.010-inch slot
gives less dilution than the 0,008-inch slot. Both of these
tubes permitted large gas-sample flow. Figure 15 shows the
effect of sampling pressure on the composition of the san@e
for two different slot orifices. The O.010-inch-slot orifice
not only more successfully reduced dilution to negligible
quantities but also permitted the larger flow of sample.
Samples were easily obtained in 30 seconds.

Wright Aircraft Engine Tests

Single-stack tests. - When a sampling tube with a 0,010-
inch-slot orifice was first installed in one stack of the Wright
engine (fig. 3, left-hand position), a pressure of only 0.3 inch
of water existed in the sampling tube. Samples taken with the
tube in this position were found to be approximately 50 percent
air and 50 percent exhaust gas, The corrected position shown in
figure 3 (right-handposition) as determined with the adjustable



testingtube changedthe mmpling pressure to 10 to 15 inches
of water at engine epeeds from 2000 to 2400 rpn. Samples ob-
tained fran this position of the sempll~-’tube, when analyzed,
showed dilution to be negligible or nonexistent. The composi-
tion of the undiluted exhaust,gases was determined by analyZhg
a sample obtained frcznan exhaust stack with a 3-foot extension
temporarily welded on. The slight change in direction of the
orifice illustrated in figure 3 indicated not only that the
orifice operated to eliminate serious dilution but also that
dilution was present to a marked extent throughout the short
stack.

Multistack tests. - When sampling tubes were installed in
all 14 cylinders, similar sampling pressures were obtained ticm
the tubes on all front and rear cylinders. This fact indicated
that the installationswere satisfactory.

A set of analyses of exhaust-gas ssmples obtained from
the sampling tubes in the individual stacks of the Wright engine
is given in table I. Values of fuel-air ratio were obtained
from the NACA mfxture indicator during the same run. With the
mixture indicator located about 35 feet frcm the engine, the
instrument was sensitive to changes in mixture ratio in about
1 minute. For comparison, fuel-air ratios were computed
stoichiometricallyfrom the C02 and 02 analyses (reference1).
The fuel-air ratio varied little frmu cylinder to cylinder.
The average of the fuel-air ratios recorded on the NACA mix-
ture indicator and the average of the fuel-air ratios calcu-
lated from gas analyses was in good agreement, the difference
being only 1,0 percent.

CONCLUSIONS

From the investigationof sampling tubes with orifices
ranging from a 0.002-inch slot to a 0.1875-fnch-diameter
circular opening, variously located and oriented in the exhaust
stacks of a single-cylinderRriggs & Stratton engine and a
Wright R-2600-B engine, it is concluded that:

1. Small round or slot-type orifices on the sampling tube
are useful in minhnlzing dilution in the exhaust-gas samples.

2. The location and orientation of the orifice In the ex-
haust stack should be such that the tipact pressure of the ex-
hauBt gases Is directly applied to the orifice.
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3. The pressure in the sampling tube should be maintained
greater than atmospheric pressure and at a value that must be
experimentallydetermined for each installation.

4. Dilution, if present at the point of ssmpling in the
exhaust stack, can be detected by successively operating the
sampling tube at different pressures. Low pressures give
semples with the greatest amount of dilution.

5. The flow of semple obtained at the correct sampling
pressure was ample to ope?xiteanNACA mixture indicator placed
about 35 feet from the engine.

6. Samples taken from the Wright engine with the sampling
orifice not receiving the full exhaust impact pressure were
diluted approximately 50 percent with air; whereas, in samples
taken with the sampling orifice correctly oriented, dilution
was negligible or nonexistent.

Aircraft Engine Research Laboratory,
National Advisory Committee for Aeronautics,

Cleveland, Ohio,
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ANALYSIS OF iiHAU3T-WSAM!?LTS FROM WRIGHT ENGllJE

Gaf3et3
Cylinder percent) Fuel-air ratio

co~ 02 co NACA meter Calculated

1 4.7 0.7 14.3 0,109 0.106
2 4.6 .6 13.8 .107 ● 107
3 4.7 .6 13.8 .105 .106
4 Semplingtubedamaged No Sem’ple obtained

5 4.5 0.3 14.8 0.107 o.lo9—
6 4.9 .2 14.8 .105 .108
7 4.5 .6 14.0 .108 .107
8 Sampling tube damaged No sample obtained

9 4.5 0.3 15.3 0.109 0.109
10 4.2 .5 15.2 *113 ● 109
11 4.7 .5 14.0 .111 .107
12 4.7 .6 14.4 .108 .106
13 Sampling tube damaged No sample obtained
14 4.7 0.6 14.5 0.104 0.106

Average 4.61 .50 14.45 .108 .107
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Figure I . - Sampling tube at open end
stack of Briggs & Stratton
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Figure 2. - Round orifices 0.0135 inch to 0.1875 inch in
diameter and slot orifices 0.002 inch to
0.016 inch in width. Cvl



Figure 3. - First position and corrected position
of O.010-inch orifice in front cylinder

exhaust stack to obtain impact pressure of exhaust gases. cd
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Adjustable tube with O.01’O-inchorifice “’”
,.,,, ...

,.. Figure 4. -
to study impact pressure in exhaust stack.



Figure 5. - Front and side view of l/4-inch stainless-steel
sampling tube with O.010-inch slot orifice.
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Figure 6.- Sampling tube in aircraft-enginefront-cylinder exhauststack.
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Figure 7.- Pressure distribution in exhaust stack.



NACA Figs. 8,9

4

~W-1.@

&

I I I I I I I I I I
I

,.

I 1 I

I
+

0.0595-in. orifice
C02 o
02— — +

20 holes,
0.0135-in.orifice

/ C02–––—– x

-==9’
02 —cl

I I I I
1 2 3 4 5

Distancefrom valve, in.

Figure 8.- Effect of orifice size on composition of gas samples, at
equal rates of sampling.

,+

I
1

I
I

—- X
-’ x..2 I .

[:’ x
\

8 ~
Rapid sampling

+ (10ml per see)
e C02 o

02— — +

4 #
&I Slow sampling

~= (1 ml per see)
/ C02---—— x

02 -n

I I
o 1 2 3 4 5

Distance from valve, in.
Figure 9.- Effect of rate of sampling on composition of +s samples

(orifice-slot width, 0.002 in.).



.—...-.. ., ,.. . . ...-..-.—.- . .—--. -..——-. —

NACA

g

12

8

4

0

Figs. 10,11

c) * . c) ( )

,.
C02 —o

o~—— +

co ---- . -x “

{x
T

-.—.———.—
4~— 1 ,— —4

-1 0 1 2 3 4
Pressure, in. water

Figure 10.- Effect of sampling pressure on composition of gas sample
when dilution is not encountered (20 holes, 0.0135-in.

diameter, 1/2 in. from valve).

; 12

c1
h
@
Q r

) C02 0-

.
m ‘\ 02—— +
0

ga
~Q __— —x-*

-P c \

~ +

f +\ .

%4 \
+

~.I-l.P
WIa
0

v“
-1

Figure 11.-

diameter at

o 1 2 3
Pressure, in. water

Effect of sampling pressure on composition of gas sample
when dilution is encountered (Z) holes, 0.013~in.

open end of stack).



NACA Fig. 12

10

5

0

5

0

10

5

0

I

/
C02 — +

02— — : ‘“-
1

0.016-in. orifice 1
I

+.
! ●o

‘ +
I m
1 E

Q_
u .

_+l #
0.012-in. orifice .+ I x

1“
10

*!S
\ \ m

-
::— ~ \

\

)
\+\

t$—
0.0D8-in. orifice +-+ - +,

1

+_ _ — .
:0~ .

~
\ 9—;$

;:

\

0.00!j-in.orifice
+’+.+ ;‘i

s
t

~

1 ,
I

;

I
&

\.
I

0.002-in. orifice ++—++ I

-3 -2 -1 0 1
Pressure, in. water

Figure 12.- Effect of samplingpressure on composition of exh8ust

“2

—
samples at op& e~d-of exhaust stack (slot orifices).

..-. ,.....-- .. .. .. .....!!.... —.---!.!I .. -! ! !!!! ,, II ,.1 II 11111111 1 I mmlllml I Illlmll



NACA Fig. 13

20

8

4

0

+-

+’

C02 0

02— — +.

I

.012.004 .008
Orifice slot width, in.

.016

Figure 13.- Comparison of best analyses for various slot orifices used
at open end of exhaust stack.

-- . - ... .. ..... ... . .. ...—. —,,,._,_---.,, ..,, , , ,,.



NAC.A FiEs. 14,15

12

8

4

T
-. %1 --

,.

O.010-in. slot orifice
&-&3+ “ --1 ‘- C02 —0

02 — —+
0.008-in. slot orifice

CoZ--–--x
Oz—-—n

o- 1 2 3 4 5
Distance from valve, in.

Figure 14. - Compositionof samples obtained with O.010-inchslot
orifice and 0.008-inch slot orifice. Pressure, approxi-

mately 90 percent of maximum obtainable in sampling tube.

c1

1

I
I

I

/

~~

:x
~. /+” -

\99\ I
I #

3=1~ ~“g

‘ +
la

\l
*– O.010-i.n.fllotorifice

C02 —
I 02 ——:
( 0.008-in.slotorifice

C02––––X
; 02—-—0

I I s
-1 0 1 2 3

Pressure, in. water

Figuro 15.- Effect of sampling pressure on composition of sample

obtained with O.010-inch slot orifice and 0.008-inch
slot orifice at open end of exhaust stack.

—



>,

,,
/ Illllllllllllll~

31176014033527

I I


